We present a system for interactive magnetic field simulation in an AR-setup. The aim of this work is to investigate how AR technology can help to develop a better understanding of the concept of fields and field lines and their relationship to the magnetic forces in typical school experiments. The haptic feedback is provided by real magnets that are optically tracked. In a stereo video see-through head-mounted display, the magnets are augmented with the dynamically computed field lines.
INTRODUCTION
Experiments play an important role in physics. Typically, the setup of an experiment enhances a specific aspect of real-world processes, thus motivating and simplifying abstraction and modelbuilding.However, for a lot of pupils, it is a large, barely comprehensible step from an experiment to its theoretical background. Augmented reality techniques can help to bridge this gap.
As an example, we chose magnetism due to its didactically attractive properties: Magnetism is a well-known phenomenon of everyday's life. Its "invisible repelling and attracting forces" are quite stunning for children; so is the effect of temporary magnetism and a lot of other, easily reproducible phenomena. In contrast to the straighforward concept of elementary magnets, the notion of a magnetic field and its relationship to the experiment is difficult to understand.
In our setup, the observer wears a stereo head-mounted display with video see-through and an integrated optical tracking system. Our system calculates the magnetic field in real time and augments the video view of the setup with an appropriate visualization of the magnetic field, e.g. by additionally displaying the respective field lines or isosurfaces.
A prototypical magnetic field lines visualization is shown in figure 1(b) in contrast to the classical iron filings visualization in figure 1(a) .
The application design is adaptable to different hardware settings as well as to other school experiments with similar requirements to the interaction modalities. * e-mail: florian. 
RELATED WORK
Augmented Reality has found many fields of application in education or training areas. In the area of magnetic field simulation for educational purpose [3] use a precalculated magnetic field and augment this precalculated field with the real objects creating this magnetic field. However, this is a static precalculated simulation and an online observation of two interacting magnetic fields is not possible. Another static magnetic field simulation for educational purposes in a VR environment is part of the commercial Cyberclassroom [2] system from VISENSO GmbH. Other work in the field of physics education using AR-technology has been done in [6] enabling students to investigate classical mechanics. The presented learning contents are velocity and acceleration as well as force and counter-force. An application for understanding Ohm's law is presented in [8] where students can explore the effect of parallel or serial connections of resistors.
DIDACTIC CONTEXT
Magnetism has its place in physics education from elementary school up to university. As pointed out in [5] , not only pupils or students have difficulties in understanding the concept and characteristics of field lines, even textbooks show wrong or misleading illustrations. A typical German Secondary School Curriculum (the current "Bildungsplan Baden-Württemberg für Physik" ) stresses the importance of concepts and models that are linked to experiments as well as of "action-oriented and explorative learning" [1] .
A classical approach for introducing the magnetic field uses iron filings that are scattered on a glass plate. Underneath the plate lies a given setup of magnets. This experiment has its merits for being easy to carry through and, if done properly, showing a good visualization of the field lines. However, it has several drawbacks. It only shows a two-dimensional cut through the magnetic field. Even more important, it is not interactive, thus not allowing for an explorative learning approach.
In contrast, our system allows for a tangible, interactive experience by combining the real magnetic forces of a freely explorable setup with the associated field lines. We expect a better understanding and higher learning rate as VR setups measurably improve the IEEE International Symposium on Mixed and Augmented Reality 2011 Science and Technolgy Proceedings 26 -29 October, Basel, Switzerland 978-1-4577-2185-4/10/$26.00 ©2011 IEEE learning curve [4] .
Questions like the following can be discussed much easier than using the classical setup.
• Move both south poles to each other. What kind of force do you feel and what is the resulting shape of the field lines between both magnets?
• Move north and south pole to each other. What kind of force do you feel and what is the resulting shape of the field lines between both magnets?
• Using both observations, what can you say about the relationship between perceived force and the observed field lines?
• If you have magnets with different strengths, what will happen to the flow of the field lines? 
APPLICATION MAGSIM
The development of the magnetic field simulation application is based on the AR/VR-framework basho [7] . Our hardware setup as seen in figure 2 consists of one video see-though HMD and real magnets as input devices. The final image displayed on the HMD is a merged image of the video input and the rendered magnetic field lines. To support occlusion of field lines by the real magnets we use virtual magnets that are not rendered but used as depth mask for merging both images. A marker based build-in optical tracking inside the HMD is used for tracking the magnets. In order to let others participate in the display of the magnetic field as well as the virtual representation of the real magnets both can be rendered into a separate screen either in mono or stereo. For the MagSim application the user directly interacts with the virtual world using the magnets as tangible input devices without the need to select some object to interact with. This is positive since there are no interaction metaphors to learn, but if the need to apply system commands arises, e.g. changing the visualization technique, we face some difficulties. On one hand the user should not use the keyboard since this requires for example putting down the input devices and would interrupt the workflow. Also, when using gestures the user should not enter any command menu by accident.
Therefore two different input methods are suggested. The first is a simple two stage gesture based input method that was designed with the aim of preventing menu activations by accident and the second is by keyboard input through a second person. In case of the educational usage of the application this second person can be the teacher who is able to follow the students' actions on the additional screen and can switch for example to different visualization modes while explaining the observed phenomena.
MAGNETIC-FIELD SIMULATION
The magnetic field is simulated using Biot-Savart's law. This law describes the magnetic field of a steady current. Using this formula, arbitrary arrangements of electric wires and their magnetic fields can be calculated. Due to the fact, that the outer magnetic field of a permanent magnet is identical to a "geometrically equivalent" solenoid with many turns, we use this law to calculate the magnetic fields. The computation is done using CUDA taking advantage of the parallel processing power of modern GPUs and hence reaching real-time frame rates.
A simple way of visualize a magnetic field is to calculate the field vectors in a three dimensional grid of a volume enclosing the magnets and showing the field vectors for each grid point. The common way to visualize a magnetic field is to draw field lines, starting at a certain point, usually inside or on the surface of a magnet. Each line is calculated step-by-step using the Runge-Kutta method.
Instead of interpolating field vectors from a precomputed grid, the magnetic field vectors and forces for each simulation-step are directly calculated to avoid inaccuracies.
CONCLUSION AND FUTURE WORK
We presented the MagSim application and two suitable hardware setups that can be used to teach the basic concepts of magnetism. Students are able to explore the behaviour of the magnetic field interactively using two magnets as tangible interaction devices giving them multisensorial (visual and haptic) feedback. By combining the visual feedback of the simulated field and the real magnetic forces, it is assumed that the pupils gain a deeper understanding of magnetism. This assumption has to be proved by the results of a user study which is currently beeing planned. The first response from people including a physics teacher using the presented system is promising. It seems to be significantly different using only markers as a representation of magnets (with an associated visualization) from using the magnets themselves.
